Abstract Considering the self-fields of relativistic electron beam (REB), the electron beam injected in plasma will form an ion-channel, which can stably guide REB transmitted in plasma. Based on the effect of ion-channel, the EM dispersion characteristics in a dielectric waveguide filled with plasmas is studied by using linear electromagnetic (EM) hydrodynamics perturbation theory. Both the TM mode dispersion equation and the dispersion relation are derived. After that, a discussion on the conditions of Cherenkov radiation in this system is given. It was found that the betatron oscillation of the REB is one of the important factors for the slow-wave EM instability in this system. The dispersion relation is of the form of electromagnetic-electrostatic (EM-ES) hybrid mode, which is different from the case where the effect of the ion channel is neglected.
Introduction
Dielectric Cherenkov maser filled with background plasma is a typical relativistic plasma microwave devices. Because of its importance in high power microwave field, it has become a research hotspot for scholars [1−3] . In theoretical research, Hiroyuki Kosai has given an analysis on the beam-wave interaction principles, the dispersion relation and the growth of TM 0n wave in such devices by using linear perturbation theory without considering the self-fields of the REB and the effect of ion channel [4] . A similar conclusion was obtained by Wu Jianqiang when he carried out relevant research on such devices [5] . However, in most published papers dealing with the beam-wave interactions in plasma waveguide, the effect of both REB self-field and ion channel has been neglected [1−6] . Actually, especially for the case with non-guiding magnetic field, since REB is injected in the performed plasma, in a blow-out region, firstly, it expels all the background plasma electrons out from a region around the axis and forms an ion channel, which makes the REB able to stably transmit in the plasma. After that, the REB will experience betatron oscillation under the effect of its self-fields and the background positive ion field [7−9] . To form an effective ion channel, which can stably guide the REB transmitted in plasma, the density of the REB and plasma must be well matched. With respect to REB density, if the density of the background plasma is too small, the ion-channel can't effectively constrain the radial divergence of the REB, as a result, the beamwave interaction is not effective and the system can't produce useful microwave radiation. If it is too large, the REB can't expel all the background plasma electrons in the ion channel, the extra electrons will lead to sausage instability of the REB [10] , which also can't stably transmit in the plasma, and results in ineffective microwave radiation. Thus, whether or not there is an ion channel to stably guiding the REB transmitted in background plasma is very important for achieving effective microwave radiation. Obviously, the self-fields and the ion channel effect play an extremely important role in the entire physical process and the beam-wave interactions in such high-power microwave devices [11−13] . Both of them must be considered in order to better understand the mechanism of the microwave radiation. The present paper is organized as follows: In section 2, considering self-fields and ion channel, the REB three dimensional perturbation is studied by using linear electromagnetic hydrodynamics perturbation theory, and both the electromagnetic dispersion equation and the dispersion relation of the TM 0n are derived. After that, discussions about the dispersion relation are given, and both the conditions for producing Cherenkov radiation and the reasons of slow-wave EM instability are analyzed and discussed. In section 3, conclusions are given.
2 The electromagnetic dispersion relation in cylindrical dielectric waveguide filled with plasma
The specific structure of REB injected in a cylindrical waveguide filled with plasma is shown in Fig. 1 . Here, the innermost layer of the white area I is the REB, the blue area II is ion channel, the red area III is the background plasma, the outermost of the black areas, IV, is the dielectric layer. The interfaces between REB and ion channel, ion channel and background plasma, background plasma and dielectric layer are located at r = a, b, c, respectively, and the radius of the waveguide is d. Electron density of the background plasma is equal to the ion density, denoted as n p , and electron density of the REB is denoted as n b . It could assume that the electron beam density and the background plasma density are well-matched to each other, which means n b γ 2 < n p < n b . Along the radial direction, the applied forces on the REB include the positive ion space charge force F 1 , the REB space charge force F 2 , the magnetic force F 3 generated from the REB current. Under the three forces, the REB experiences betatron oscillation in the ion-channel. In the laboratory frame using a cylindrical coordinate system (r,θ,z) with the beam and waveguide axes taken as the z axis, the radial oscillation equation can be written as:
where
2 is the relativistic factor of the REB, m e is the rest mass, e is the unit charge, v b0z is the initial velocity of the REB along with the waveguide axis. The solution of Eq. (1) is r b = r 0 cos(ω i t/ √ 2γ).
Here, r 0 is the displacement relative to the central axis at the initial time, ω
is the betatron frequency, ω p and ω b are the frequencies for the plasmas and REB, respectively, and ω
Given that all of the physical quantities can be expressed in the form of f = f 0 + f 1 , f 0 is the steadystate quantity, f 1 is the perturbation and f 0 >> f 1 . So electric fieldsẼ =Ẽ b0 +Ẽ i0 +Ẽ 1 , magnetic fields B =B 0 +B 1 , electron vector positionr =r b0 +r 1 , herer b0 andr 1 are the displacements for the betatron oscillation and the high-frequency fieldsẼ 1 ,B 1 , respectively. The velocity of the electron beam is v =ṽ b0z +ṽ 1 , and the electron beam motion equations can be written as:
where, the subscript "⊥" represents transverse component, the subscript "z" represents longitudinal component. If using paraxial approximation for the REB in the ion-channel, it means that, without disturbance, all of the electrons in the ion-channel are approximately at the central axis in this system. Based on this assumption, both of the disturbance caused by the betatron oscillation and high-frequency fields can be treated by a perturbation, i.e.r is the total perturbation [7, 8] . From Eqs. (2) and (3), the perturbation equation of the motion of the REB can be expressed as:
And 14] , if all of the disturbance is proportional to exp[j(ωt − k z z + lθ)], Eq. (4) can be rewritten as:
The continuity disturbed equation is:
Maxwell's equations are:
∇ ·B = 0. (10) Using Eqs. (5), (6), and (9) to eliminateṽ 1 andñ 1 , we obtain:
Eq. (11) can be rewritten as:
where:
. Similarly, using Eqs. (5), (6) , and (8) to eliminateṽ 1 and n 1 , we obtain:
(13) Eqs. (7) and (12) can be written in longitudinal and transverse components by performing its dot and cross products withê z :
Transverse components of the fields can be expressed in terms of longitudinal components by using Eqs. (15) and (16):
Here,
The longitudinal components of Eq. (8) are:
, and substitute Eqs. (5), (19) into it, the electromagnetic wave equation of TM mode can be obtained as:
Considering r → 0, E 1z is limited, so the solution in the REB region is:
where, J l is the first kind Bessel function, and
For the ion-channel region II, the EM wave equation can be obtained in the same way, and the solution of this area can be expressed as: (23) where, N l is the second kind Bessel function, and
For the area III, which is filled with uniform unmagnetized plasma, the relationship between the transverse in Eq. (31) there will appears a singularity. According to Landau theory, it means that there exists energy exchange between EM waves and electron beam [15] . Based on the above discussion, the Cherenkov radiation mechanism in this system can be supposed to be that the fast betatron wave interacts with the EM waves, changes the EM wave propagation characteristic and turns it into EM-ES hybrid mode. This hybrid mode interacts with the electron beam wave, resulting in EM slow wave instability and Cherenkov radiation. This physical mechanism is very different from the case in which both of REB self-fields and betatron motion is neglected [4−6] .
Conclusions
In this paper, the dispersion relation of TM 0n mode in the dielectric waveguide filled with plasma is derived by considering the effects of self-fields and ion channel. It is shown that the EM instability arises from the fact that the EM wave propagation characteristics are changed by its interaction with the fast betatron space charge wave, and EM wave becomes EM-ES hybrid mode. This hybrid mode interacts with the electron beam wave and gets energy from it, resulting in EM slow wave instability and Cherenkov radiation. The radiation mechanism is very different from the case in which both of self-fields and ion channel are neglected. Besides, the effects of the parameters of betatron oscillation, plasma, the radius of the ion-channel, electron beam, and the dielectric layer thickness on the EM dispersion relation can also be derived based on the results of the present paper. Meanwhile, the dispersion relations and dispersion characteristics of the electrostatic wave and TE mode in this system can be further derived and studied based on Eqs. (11) and (19).
